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BioinformaticsA conjoined gene is deﬁned as one formed at the time of transcription by combining at least part of one exon
from each of two or more distinct genes that lie on the same chromosome, in the same or opposite orienta-
tion, which translate independently into different proteins. We comparatively studied the extent of con-
joined genes in thirteen genomes by analyzing the public databases of expressed sequence tags and mRNA
sequences using a set of computational tools designed to identify conjoined genes on the same DNA strand
or opposite DNA strands of the same genomic locus. The CACG database, available at http://cgc.kribb.re.kr/map/, in-
cludes a number of conjoined genes (7131—human, 2—chimpanzee, 5—orangutan, 57—chicken, 4—rhesusmonkey,
651—cow, 27—dog, 2512—mouse, 263—rat, 1482—zebraﬁsh, 5—horse, 29—sheep, and 8—medaka) and is very effec-
tive and easy to use to analyze the evolutionary process of conjoined genes when comparing different species.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Conjoined genes, also known as read-through transcripts or co-
transcribed genes, are deﬁned as genes that give rise to transcripts
that combine at least part of one exon from each of two or more dis-
tinct genes that lie on the same chromosome [1]. Several studies re-
cently reported that the occurrence of conjoined genes could be
advantageous for gene expression regulation or harmful as factors
in new disease development during the evolutionary pathway [2–4].
For example, the peroxisome proliferator-activated receptor gamma
(PPARG) conjoined gene has been intensively studied because it en-
codes two nuclear receptors (PPARγ1 and PPARγ2) implicated in the
regulation of a variety of cellular processes, such as cell cycle control,
carcinogenesis, inﬂammation, atherosclerosis, and mostly adipogenesis
[5]. In addition, the SPINT1-C19orf33 conjoined mRNA transcript was
found to be transcribed from both SPINT2 and C19orf33 genes in
human kidney, prostate, and placenta by Northern blot analysis [6]. In
humans, increasing evidence suggests that conjoined genes may play
a key role in a range of human diseases [7]. For example, research into
the regulation of imprinted genes within the human 15q11–15q13 re-
gion have implicated the expression of SNURF–SNRPN and ubiquitin-r, Korea Research Institute of
o, Yuseong-gu, Daejeon 305-
rights reserved.protein ligase E3A (UBE3A) conjoined genes with a reduction in
UBE3A expressionwhich is associatedwith Prader–Willi and Angelman
syndromes [8].
Recently, data regarding intergenic splicing or transcription-induced
chimerism in the human genome has been published [9–12]. The num-
ber of genes exhibiting occasional intergenic splicing into a single, tan-
dem transcript sequence with the potential of encoding a chimeric
protein sequence has been estimated to account for 4–5% of the
human genome. This approximation is according to the ENCODE pro-
ject, whose aimwas to identify all functional elements in the human ge-
nome, based on 1%of the human genome [13]. Typically, such conjoined
transcripts begin at the promoter region of the upstream gene and end
at the termination point of the downstream gene. The intergenic region
is spliced out of the transcript as an intron so that the resulting fused
transcripts possess exons from the two different genes. Variousmecha-
nisms appear to be involved in this process and can be classiﬁed into
two categories; trans-splicing events between pre-mRNAs of distinct
genes, and long transcription events across neighboring genes that nor-
mally act as independent transcription units.
Bioinformatics approaches with experimental validation have been
used to calculate the percentage of conjoined genes based on expressed
sequence tags and full-length cDNA sequences. Todd et al. [1] reported
the identiﬁcation of 751 conjoined genes, and experimentally con-
ﬁrmed for the ﬁrst time the existence of 291 conjoined genes in 16
human tissues. Additionally, a recent transcriptome study using next
generation sequencing (NGS) technology identiﬁed numerous con-
joined genes that were expressed broadly across benign samples and
several cancer cell lines without tissue-speciﬁc expression [14].
According to some previous studies, conjoined gene transcripts
can expand functional protein diversity and play a key role in a
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approach to address this issue by comparing the genome organization
between humans and different species. We performed a comprehen-
sive comparative genomics analysis across thirteen genomes to ﬁnd
intergenic splicing patterns of conjoined genes during genomic evolu-
tion. We designed a resource for analyzing and comparing conjoined
genes between a wide range of animal genomes and have included
genome-wide analyses of conjoined genes from thirteen animal spe-
cies including human and vertebrates. We utilized the comparative
analysis of conjoined genes (CACG) database as the main tool to in-
vestigate the evolution of the human genome and diseases by com-
paring the expression proﬁles of conjoined genes.
2. Results and discussion
2.1. Searching for conjoined genes from transcript sequences
To characterize the phenomenon of conjoined genes in the verte-
brate genomes, we ﬁrst clustered mRNA and EST transcript sequences
onto genome sequences using the BLAT alignment of known genes.
Conjoined genes were deﬁned, for the purpose of this study, as a
pair of adjacent genes whose genomic regions partly overlap. The
EST and mRNA to genome alignment data and the genome sequence
assemblies were downloaded from the UCSC database in hg19, mm9,
rn4, galGal3, panTro3, rheMac2, oryLat2, bosTau5, oviAri1, canFam2,
ponAbe2, equCab2, and danRer7. The EST and mRNA to genome
alignments were extracted from the tables all_mrna and all_est
(human, chimpanzee, horse, sheep, orangutan, cow, dog, mouse, rat,
chicken, rhesus monkey, zebraﬁsh, and medaka). We performed
genome-wide analysis of intergenic splicing events in the genome.
From the data, we attempted to map the mRNA sequences to the ge-
nome sequences. Minimum length and percent identity of valid align-
ments were 50 base pairs (bp) and 97%, respectively. To reduce the
workload and improve the mapping quality, we ﬁrst applied the se-
lected sense orientation reliable transcripts. All imperfect alignments
were removed. The transcript sequences that were aligned to more
than one genomic fragment were discarded as suspected chimeras.
All of the putative conjoined genes were also mapped onto the ge-
nome. If the Reference Sequence (RefSeq) mRNA sequences over-
lapped, only the longest was considered. In the results, we extracted
the position information of the exon and genome sequences to be
matched. Based on this information, the locations of conjoined gene
transcripts and exons on each gene were calculated from their posi-
tion in the genome. Next we searched whether the sequences con-
necting these two transcripts were canonically spliced, and share at
least one splice site with each of the two separate genes. False posi-
tive cases arising out of misalignments and alternative splicing of
the same loci were removed by manual curation. An algorithm was
developed based on the positional comparison of the alignment of
the known genes to the mRNA and EST transcript sequences. The al-
gorithm identiﬁed all mRNA and EST sequences which aligned to
two or more different genes as deﬁned in the UCSC gene database. Fi-
nally, our procedure identiﬁed 7131 human, 2 chimpanzee, 5 orangu-
tan, 57 chicken, 4 rhesus monkey, 651 cow, 27 dog, 2512 mouse, 263
rat, 1482 zebraﬁsh, 5 horse, 29 sheep, and 8 medaka hits. Further-
more, to illustrate the value of CACG for biological discovery, we ana-
lyzed tissue-speciﬁcity and cancer versus normal human conjoined
genes. We added cDNA libraries to our tissue classiﬁcation database.
Each library source was classiﬁed as one of 250 tissue types, and
also as abnormal or normal in origin.
2.2. Classiﬁcation of conjoined genes according to genomic location
Conjoined genes were categorized into three different types
according to the following: 1) 5′ splice site at the upstream gene–3′
splice site at downstream gene, 2) 5′ splice site at the upstreamgene–3′ splice site at the internal gene, and 3) 5′ splice site at the up-
stream gene–3′ splice site downstream, in two or more different
genes. In these types of conjoined genes, a novel intron is created,
spanning the region between the donor of the last intron and the ac-
ceptor of the ﬁrst intron of the upstream and downstream genes, re-
spectively. This abundant conjoined gene splicing pattern usually
results in removal of the intergenic region, along with the three
prime untranslated region (3′ UTR) and ﬁve prime untranslated re-
gion (5′ UTR) of the upstream and downstream genes, respectively.
Consequently, conjoined gene transcription is terminated at the
poly-A signal site of the downstream parent gene; otherwise, even
in cases where the signal site is truncated, termination occurs at a
poly-A signal site newly created by another event, such as exo-
nization of an intronic sequence.2.3. Identiﬁcation of new exons in intergenic regions between two differ-
ent genes
We further analyzed the creation of novel exons during the forma-
tion of conjoined genes which occurs frequently within intergenic re-
gions between two parent genes. First, we divided novel exons into
two major groups: 1) TE-containing novel exons (2384 human, 1
sheep, 101 cow, 2 dog, 854 mouse, 91 rat, 7 chicken, 2 rhesus monkey,
and 166 zebraﬁsh) and 2) non-TE-containing novel exons according
to the fusion of transposable elements in the exon regions. Speciﬁcally,
we screened TE-containing novel exons for the presence of repetitive
sequences using RepeatMasker (http://www.repeatmasker.org). Only
the positions of the canonically spliced introns and non-canonical
spliced introns that obeyed the GT/AG, GC/AG, AT/AC, GG/AG, CT/AG,
GT/CG, GT/TG, AT/AG, GA/AG, GT/GG, TT/AG, and GT/AC rule were con-
sidered [15]. Next, we classiﬁed the novel exons by three criteria: 1) 3′
UTR, 2) 5′UTR, and 3) CoDing Sequence (CDS) according to the genome
location using genomic mapping data from the UCSC genome browser.2.4. Comparative analysis of conjoined genes
To investigate the evolutionary landscape of the conjoined genes,
we made use of the massive data sets available from comparative ge-
nomic studies of thirteen vertebrate genomes. An interesting phe-
nomenon encountered was the gain and loss of conjoined gene
states. To explore this observation, we also examined the intergenic
splicing states of orthologous conjoined genes in thirteen genomes
(human, chimpanzee, horse, sheep, orangutan, cow, dog, mouse, rat,
chicken, rhesus monkey, zebraﬁsh, and medaka). The evolutionary
relationships between the conjoined genes in the thirteen analyzed
species were assessed by extracting all conjoined genes conserved be-
tween species. To analyze the evolutionary impact of conjoined genes
among human, chimpanzee, horse, sheep, orangutan, cow, dog,
mouse, rat, chicken, rhesus monkey, zebraﬁsh, and medaka, we com-
pared the human genome to the other genomes. Multiple sequences
clustered to each conjoined gene were aligned together using the
CLUSTALW program [16] and the output was computationally and vi-
sually inspected to remove alignment errors. To help researchers eas-
ily compare conjoined gene data between species, we performed a
comprehensive comparative genomic analysis across the thirteen ge-
nomes, identifying orthologous conjoined genes, and intergenic splice
events between these genomes. Selected species were chosen based
on a wide-range of cross-species comparisons with human data, in
addition to compiling relatively complete data sets of genomic se-
quences and abundant transcript sequences. We analyzed gene struc-
ture and intergenic splicing via genome-wide studies of thirteen
vertebrate genomes to construct the conjoined gene database. This
genome-wide database identiﬁes the creation of conjoined genes
and conjoined genes loss events during vertebrate evolution.
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The CACG (comparative analysis of conjoined genes) database is
publicly accessible at http://cgc.kribb.re.kr/map/. We stored and
managed all the data in MySQL, which is a popular and open source
database management system widely used in bioinformatics and bio-
medical database development. There are various ways for users to
access the data stored in the CACG database. The database can be
browsed by selecting a speciﬁc genome and gene name from the
main page. The web interface allows users to access the database con-
tent via three different search options. First, users can search genes of
interest by using the Human Genome Organization (HUGO) symbol
name. In addition, one can use this route to get gene sequences and
detailed gene information from the NCBI data bank (Fig. 2A). Second,
users can search conjoined genes by clicking one of the genomes
listed on the main page (Fig. 2B). The genome browser of CACG will
then show annotation features of all the conjoined genes when a par-
ticular organism on the multiple genome menu is selected (Fig. 2A).
To investigate evolutionary aspects of conjoined genes, we sup-
plemented CACG with a novel visualization interface. The web-
based genome browser was executed using Hypertext Preprocessor
(PHP) technology, which has the advantage of constructing a clearly
deﬁned architecture by separating application logic and presentation.
In addition, the CACG database supports a visualization interface that
shows the comparative conﬁguration of conjoined genes across mul-
tiple species along the whole chromosome scale. The conjoined genes
were further aligned to EST/mRNA sequences. A conjoined genes
viewer was developed in the database which shows the distribution
of conjoined genes in each vertebrate genome. Comparative genomics
is a major focus of the CACG web interface, displaying results from
new orthologous conjoined genes and species-speciﬁc conjoined
genes. CACG includes links to comparative genomics information
from all views. Users can also search human data for conjoined gene
tissue information at the bottom of the gene summary page.
In Fig. 2C, we show one conjoined gene pair (NDUFB8 and
SEC31B), which commonly appears in humans and mice. The distance
measured between conjoined genes is displayed as a phylogenetic
tree (Fig. 2D), enabling users to infer the evolutionary history of the
conjoined gene transcripts at a glance. Sense transcripts are depicted
in blue and anti-sense transcripts are in red. A small thick segment
denotes the exon and a thin line denotes the intron. A shortFig. 1. Flow chart showing the overall procedure used to seintroduction to the web interface and a comprehensive user's guide
are available at the CACG website, http://cgc.kribb.re.kr/map/. More-
over, the CACG database incorporates multiple genome and tree visu-
alization tools to facilitate online images of the data. The CACG
database contains independent analysis of conjoined genes from EST
and mRNA data from thirteen different organisms, including human,
chimpanzee, horse, sheep, orangutan, cow, dog, mouse, rat, chicken,
rhesus monkey, zebraﬁsh, and medaka, and thus has many potential
future applications, including comparison of conjoined gene patterns
between different vertebrate species.
2.6. Summary and future directions
The CACG database is an integrated catalog of conjoined genes which
includes bioinformatics analysis data. CACG supports all conjoined genes
that are common in a subset of human, chimpanzee, horse, sheep, orang-
utan, cow, dog,mouse, rat, chicken, rhesusmonkey, zebraﬁsh, andmeda-
ka. In addition, it provides a manually curated database that displays the
evolutionary features of conjoined genes. The CACG database is very ef-
fective and easy to use for comparative analysis and investigation of evo-
lutionary processes involving conjoined genes. Furthermore, the CACG
database supports a visualization interface that shows the comparative
conﬁguration of conjoined genes across multiple species along the
whole chromosome scale. The database is constantly being sup-
plemented with new genome data from a range of available sources.
We also plan to supplement this database with conjoined gene informa-
tion from other mammalian species so that they can be directly com-
pared with human conjoined genes. CACG could potentially be used as
the main tool to investigate the evolution of the human genome in rela-
tion to diseases by comparing the expression proﬁles of conjoined genes.
3. Material and methods
We used the combined data of publicly available expressed sequence
tags (ESTs), mRNA, and genome alignment from the University of Califor-
nia, Santa Cruz (UCSC) Genome Browser database (http://genome.ucsc.
edu; Feb, 2009, release). These alignments were produced by the
BLAST-Like Alignment Tool (BLAT) using ESTs and mRNA databases. The
genome data sets (human, chimpanzee, horse, sheep, orangutan, cow,
dog, mouse, rat, chicken, rhesus monkey, zebraﬁsh, and medaka) used
in our analysis were obtained from the UCSC genome browser database.arch for conjoined genes in public sequence databases.
Fig. 2. (A) Visualization of conjoined genes via web retrieval interface. The web interface allows users access to the database contents via three different search options for ﬁnding
organisms with conjoined genes speciﬁed by the user. (B) The users can search interesting overlapping genes by clicking genomes listed on the main page. (C) The easy to use CACG
results page is very effective for comparative analysis and investigation of the evolutionary process of conjoined genes. (D) The phylogenic tree calculated by the number of con-
joined gene transcripts between each two-genome pair.
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To build the CACG database, we developed an automatic pipeline
consisting of three main steps: (i) collection of conjoined genes
from thirteen vertebrate genomes, (ii) classiﬁcation of splicing pat-
terns of conjoined genes according to genomic location, and (iii) com-
parative analysis of conjoined genes (Fig. 1).
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